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We have created a quantum degenerate Bose-Fermi mixture of 23Na and 40K with widely tunable
interactions via broad interspecies Feshbach resonances. Over 30 Feshbach resonances between
23Na and 40K were identified, including p-wave multiplet resonances. The large and negative triplet
background scattering length between 23Na and 40K causes a sharp enhancement of the fermion
density in the presence of a Bose condensate. As explained via the asymptotic bound-state model,
this strong background scattering leads to wide Feshbach resonances observed at low magnetic fields.
Our work opens up the prospect to create chemically stable, fermionic ground state molecules of
23Na–40K where strong, long-range dipolar interactions would set the dominant energy scale.
Ultracold quantum gases realize paradigms of con-
densed matter physics in pristine fashion, such as
the superfluid to Mott insulator transition [1], the
BEC-BCS crossover in fermionic superfluids [2, 3] and
the Berezinskii-Kosterlitz-Thouless transition in two-
dimensional Bose gases [4]. A plethora of novel many-
body systems may become accessible through the advent
of quantum mixtures of different atomic species. In par-
ticular, Bose-Fermi mixtures with widely tunable interac-
tions should reveal boson mediated interactions between
fermions and possibly boson induced p-wave superflu-
idity [5, 6]. The fate of impurities in a Fermi sea [7]
or a Bose condensate [8–10] can be studied, and new
quantum phases of matter are predicted in optical lat-
tices [11]. Furthermore, the creation of fermionic ground
state molecules starting from a degenerate Bose-Fermi
mixture opens up a whole new avenue of research, as
this results in a Fermi gas with long-range, anisotropic
dipole-dipole interactions [12]. Since the first degener-
ate Bose-Fermi mixture of different atomic species, 23Na
and 6Li [13], a variety of such systems has been re-
alized [8, 14–23]. However, so far only one mixture,
87Rb-40K, has allowed tunability of interspecies interac-
tions with relative ease by means of a moderately wide
(∆B ≈ 3G) Feshbach resonance [24], and only in this
case fermionic Feshbach molecules have successfully been
produced [25, 26].
In this article, we report on the experimental realiza-
tion of a new Bose-Fermi mixture of 23Na and 40K and
the observation of over 30 s- and p-wave Feshbach reso-
nances at low magnetic fields. We demonstrate that 23Na
is an efficient coolant for sympathetic cooling of 40K. A
pattern of wide s-wave resonances exists for most of the
energetically stable hyperfine combinations, the widest
being located at 138 G with a width of about 30 G in the
23Na|F = 1,mF = 1〉+
40K|F = 9/2,mF = −5/2〉 hy-
perfine configuration. We also observe p-wave multiplet
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FIG. 1. (Color online) Simultaneous quantum degeneracy of
23Na and 40K atoms. (a)-(b) and (d)-(e) are pairs of time
of flight (TOF) absorption images of a 23Na BEC and a 40K
Fermi cloud with different atom number balance. A strong
attractive interaction between the two species is observed in
(e) as a sharp increase of the central density in the fermionic
cloud in the presence of a Bose condensate. (c) and (f) are
the center-sliced column density of the fermionic clouds of (b)
and (e), respectively. TOF was (a) 11 ms, (b) 7 ms, (d) 17
ms, and (e) 5 ms. Atom numbers are (a) 2.4 · 105, (b) 2 · 105,
(d) 8.2 · 105, and (e) 6.7 · 104.
resonances that are resolved thanks to their location at
low magnetic fields.
In the singlet rovibrational ground state, the NaK
molecule is known to have a large permanent electric
dipole moment of 2.72(6) D [27, 28], five times larger
than that of KRb [12], and is predicted to be chemically
stable against atom-atom exchange reactions [29], in con-
trast to KRb [30]. An ultracold gas of fermionic ground
state molecules of NaK will thus be an ideal system for
the study of Fermi gases with strong, long-range dipolar
interactions. Indeed, the interaction energy here can be
2expected to be on the order of the Fermi energy.
The experimental setup is based on the apparatus pre-
sented in Ref. [8], which employs two independent Zee-
man slowers capable of simultaneously loading sodium
and potassium atoms directly into a UHV chamber. The
potassium slower selectively decelerates the 40K isotope,
loading 107 atoms into a magneto-optical trap (MOT)
in 10 s. For 23Na, we use a dark spot MOT [31], which
allows us to load approximately 109 atoms in 2 s.
Multi-species experiments can suffer from atom losses
due to light-assisted collisions in the MOT and spin-
changing collisions in the magnetic trap. In order to
minimize such losses, we developed a shelving tech-
nique where 23Na is first loaded into the MOT, optically
pumped to the |2, 2〉 stretched state, and captured in the
magnetic trap. Next, the trap gradient is reduced to 7.7
G/cm to only support the stretched state of 23Na against
gravity. With this gradient left on, and the 23Na thus
“shelved in the dark” in a purely magnetic trap, finally
the MOT and slower beams for 40K are switched on to
load the 40K MOT. This scheme guarantees that only
23Na atoms in the |2, 2〉 state are present in the magnetic
trap before loading 40K, and it also potentially reduces
light-assisted collisions that would be encountered in a
double-species MOT.
Once both species are loaded into the optically plugged
magnetic trap [8], the mixture is cooled for 7 s by rf-
induced evaporation of 23Na, where thermally excited
23Na atoms in the |2, 2〉 state are removed from the trap
by coupling to the high field seeking state of |1, 1〉. We
decompress the initial magnetic gradient of 220 G/cm to
27.5 G/cm at the end of evaporation to reduce three-
body losses. The 5 µK cold mixture is then loaded into
a crossed optical dipole trap (laser wavelength 1064 nm,
maximum power 4.7 and 17 W, waist 73 and 135 µm).
At this stage, the 1/e lifetime of the mixture, with
23Na and 40K still in their stretched states, is about
τ = 250 ms, already signaling a strong attractive interac-
tion increasing three-body losses and spin-changing dipo-
lar losses. We thus immediately transfer 23Na atoms into
their hyperfine ground state |1, 1〉 via a Landau-Zener
sweep, and remove any remaining |2, 2〉 atoms via a res-
onant light pulse. In the 23Na|1, 1〉+40K|9/2, 9/2〉 state,
the mixture now lives for τ = 20 s. The gas is further
evaporatively cooled in this spin mixture for 2 s by re-
ducing the intensity of the dipole trap beams.
At the end of evaporation, a degenerate Fermi gas of
40K with 2× 105 atoms and T/TF = 0.6 coexists with a
Bose-Einstein condensate of 23Na. Two sets of absorp-
tion images of the mixture for different values of 23Na and
40K atom numbers are shown in Fig. 1, where atom num-
bers are varied by changing the MOT loading times of the
two species. The strong attractive interaction between
23Na and 40K in the 23Na|1, 1〉+40K|9/2, 9/2〉 state is
apparent. As the condensate grows, the fermionic cloud
acquires a bimodal density distribution as it experiences
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FIG. 2. (Color online) Evolution of the phase space density
(PSD) with atom number (N). Blue circles: 40K; red squares:
23Na with 40K; green diamonds: 23Na alone. Open and solid
symbols represent the PSD in the magnetic trap and optical
trap, respectively.
the strong mean-field potential of the bosons [25]–see Fig.
1(e).
The evolution of the phase space densities (PSDs) and
atom numbers N of both species during evaporation is
shown in Fig. 2. Temperature is determined by fitting a
thermal profile to the wings of the 23Na cloud. The cool-
ing efficiency Γ = −d ln(PSD)/d ln(N) for sodium in the
magnetic trap is ΓNa = 2.7, a rather high value thanks to
the steep confinement in the plugged trap. This efficiency
is not affected by the presence of the relatively small ad-
mixture of 40K. Sympathetic cooling is less efficient than
in other mixtures [8, 32] as 40K is seen to be lost due
to three-body collisions in the magnetic trap. We find
ΓK = 4.6 for
40K. In the crossed optical dipole trap, with
sodium in |1, 1〉, the sodium cooling becomes less efficient
due to the weaker confinement, ΓNa = 0.9, but the
40K
number is essentially conserved in this mixture so that
sympathetic cooling is highly efficient, with ΓK = 15.3.
The lowest T/TF achieved for
40K after evaporating all
of 23Na is T/TF = 0.35 with 3× 10
5 atoms.
With a new degenerate Bose-Fermi mixture at our dis-
posal, the natural next step is to search for interspecies
Feshbach resonances between 23Na and 40K. There have
been theoretical indications for resonances below 100
G [34]. In addition, a large and negative triplet scat-
tering length was predicted in Ref. [35], a value that has
recently been refined to at = −575
+191
−532 [34], indicating
that the triplet potential has an almost bound, virtual
state right above threshold. A large background scat-
tering length is often a catalyst for wide Feshbach reso-
nances [36], caused by strong coupling of molecular states
to the almost resonant open channel. A famous example
is the 300 G wide Feshbach resonance in 6Li [37].
We performed Feshbach loss spectroscopy, mapping
3TABLE I. Data summary on the Feshbach resonances between
23Na in |1, 1〉 and 40K in |9/2, mF 〉. The positions and widths
of the resonances, Bexpt0 and ∆Bexpt, are determined by phe-
nomenological Gaussian fits (∝ e−(B−B
expt
0
)2/∆B2expt) to the
observed loss features. For p-wave resonances, we report the
positions and widths of the resolved features, i.e., doublets
and multiplets. Bth0 and ∆Bth give the theoretical positions
and widths from the ABM model.
23Na|1, 1〉+ Bexpt0 ∆Bexpt B
th
0 ∆Bth Res.
40K|9/2, mF 〉 (G) (G) (G) (G) type
-9/2 6.35, 6.41, 6.47, 6.68 0.02 7.2 p
19.12, 19.18, 19.27 0.02 18.3 p
78.3 1.1 75.5 1.1 s
88.2 4.3 84.5 5.4 s
-7/2 7.32, 7.54 0.2, 0.03 8.7 p
23.19, 23.29 0.05, 0.05 22.1 p
81.6 0.2 82.1 0.04 s
89.8 1.1 87.3 0.6 s
108.6 6.6 105.7 13.1 s
-5/2 9.23, 9.60 0.14, 0.11 11.0 p
29.19, 29.45, 29.52 0.04 27.8 p
96.5 0.5 97.2 0.04 s
106.9 1.8 103.8 0.45 s
148 (138*) 37 (30*) 137.1 26 s
-3/2 12.51, 12.68 0.16, 0.06 14.8 p
39.39, 39.86 0.15, 0.14 37.2 p
116.9 0.5 118.3 0.07 s
129.5 4.6 127.2 0.39 s
175 20 187.8 50.5 s
* The resonance position and width have been refined by
measuring the molecular binding energies via rf spec-
troscopy [33].
out atom losses of both species as a function of mag-
netic field. Over 30 Feshbach resonances were ob-
served in four different spin state combinations of
23Na|1, 1〉+40K|9/2,mF 〉, from the ground spin state
mF = −9/2 up to mF = −3/2. Spin states of
40K
are prepared starting from mF = +9/2 by a single
Landau-Zener sweep through the intermediate mF states
at 15 G. The experimentally observed resonance posi-
tions and widths are reported in Table I. Many wide
s-wave Feshbach resonances at low magnetic fields are
identified, the widest one at 138 G for collisions between
23Na|1, 1〉 +40 K|9/2,−5/2〉, with a width of 30 G–see
Fig. 3. This is an order of magnitude wider than any
other resonances found so far in a Bose-Fermi mixture of
chemically different atomic species.
p-wave Feshbach resonances are known to split into
a doublet structure due to different projections of the
orbital angular momentum onto the magnetic field axis
[38]. In the NaK system, however, we observe triplet
features for many p-wave resonances–see Fig 4. These
FIG. 3. (Color online) Feshbach resonances in 23Na-40K,
here for 23Na|1, 1〉 +40 K|9/2,−5/2〉 collisions. (a) Scatter-
ing length from the ABM model. (b) Open channel threshold
energy (black solid line), uncoupled (s-wave: dashed lines, p-
wave: light blue lines) and coupled molecular states (s-wave:
red solid lines, p-wave: blue solid lines). The blue dots denote
experimentally measured resonances. The inset shows the en-
ergy, relative to threshold, of the molecular state at the wide
s-wave resonance at 138 G [33]. (c) Experimental loss spectra
of 40K in the presence of 23Na. Three s-wave resonances and
two p-wave manifolds are found, the latter resolved in one
doublet and one triplet.
originate from the magnetic dipole-dipole interaction of
constituent atoms, which couple molecular states with
different total internal spin. The diagonal terms of the
magnetic dipole-dipole interaction induce an energy shift
that differs for the ml = 0 and |ml| = 1 quantum num-
bers, giving rise to the well known doublet structures.
The off-diagonal terms in the dipole-dipole interaction
couple different values of ml while conserving the total
angular momentumml+MF , whereMF = mF,K+mF,Na.
These terms are in most mixtures negligible since molec-
ular states with different values of MF have to be nearly
degenerate to result in a significant energy shift. How-
ever, due to the low-field nature of the NaK p-wave res-
onances, multiple molecular states are nearly degenerate
with the open channel spin state, allowing for the triplet
structure to be resolved.
The assignment of s- and p-wave characters of the res-
onances follows from a simple, but powerful model of the
molecular states involved. The singlet and triplet poten-
tials of the interatomic potential allow for a variety of
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FIG. 4. (Color online) Triplet structure of the p-wave reso-
nance at 19.1 G for the 23Na|1, 1〉+40K|9/2,−9/2〉 spin con-
figuration. A phenomenological triple Gaussian fit is applied
as a guide to the eyes.
bound states. From the known scattering length [34] and
the van-der-Waals coefficient C6 [39], the weakest s-wave
bound states are expected at about Ess = −150(10)MHz
and Est = −1625(50)MHz for the singlet and triplet s-
wave potentials, where the errors reflect uncertainties of
the scattering lengths from Ref. [34]. The p-wave bound
states follow from the s-wave bound states as in Ref. [40]
and are slightly adjusted to fit the observed resonance
positions. As described in Refs. [41, 42], as a first guess
for locations of Feshbach resonances one can neglect the
part of the hyperfine interaction that couples singlet and
triplet bound states. This already provides the pattern
of Feshbach resonances as positions where these (uncou-
pled) molecular states cross the atomic (open-channel)
threshold. The analysis shows that the observed reso-
nances are caused by the triplet bound states. Next,
we use the asymptotic bound state model (ABM) to in-
clude the singlet-triplet coupling of molecular states [43].
To couple the molecular states to the open channel, we
follow Marcelis et al. [36] and only include the effect of
the virtual state causing the large and negative triplet
scattering length. The spin part of the coupling matrix
element is obtained from the ABM Hamiltonian and the
spatial part, i.e., the wavefunction overlap between the
respective bound state and the virtual state, is taken as
one free fit parameter. For the background scattering
length of the low-field resonances the effect of broad res-
onances is included. The virtual state causes strong cou-
pling of several s-wave molecular states to the open chan-
nel, leading to wide, open-channel dominated resonances
as known from the case of 6Li. The theoretical values
obtained with this model are shown in Table I. An excep-
tionally broad resonance for mF = −3/2 is predicted to
be even wider and to be shifted further, possibly hinting
at a shift between the loss maximum and the actual Fesh-
bach resonance position. Our approach leads to a refined
triplet bound state energy of Est = −1654(3)MHz and
Ept = −1478(7)MHz, and using the long range potential
from Ref. [34], we find a refined value of the triplet scat-
tering length of at = −830(70) a0. The errors correspond
to one standard deviation of a least-squares fit to the
eight narrowest s-wave resonances that are least sensi-
tive to the coupling to the scattering states and hence the
error induced by the ABM is expected to be small [43].
In conclusion, we have produced a degenerate Bose-
Fermi mixture of 23Na and 40K, and identified over 30
s- and p-wave interspecies Feshbach resonances, includ-
ing several exceptionally broad resonances. Remark-
ably, many p-wave Feshbach resonances are observed to
be triplets or even multiplets. Our strongly interacting
23Na-40K mixture near these Feshbach resonances should
allow the study of Bose or Fermi polarons [7], of boson
mediated interactions between fermions, and possibly of
novel states of matter in optical lattices. The formation
of fermionic Feshbach molecules is within reach. In the
rovibrational ground state, NaK molecules possess a large
induced electric dipole moment and are stable against ex-
change reactions. One can thus hope to create a Fermi
gas of polar molecules with strong dipole-dipole interac-
tions that dominate the many-body physics of the gas,
rather than being a small perturbative effect.
We thank Eberhard Tiemann for performing a
coupled-channel calculation based on our results which
stimulated us to further investigate the p-wave multiplet
structures. We also thank Tout Wang for stimulating dis-
cussions. This work was supported by the NSF, AFOSR-
MURI and -PECASE, ARO-MURI, ONR YIP, DARPA
YFA, a grant from the Army Research Office with fund-
ing from the DARPA OLE program and the David and
Lucille Packard Foundation.
[1] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys.
80, 885 (2008).
[2] M. Inguscio, W. Ketterle, and C. Salomon, eds., Ultracold
Fermi Gases, Proceedings of the International School of
Physics ”Enrico Fermi”, Course CLXIV, Varenna, 20 -
30 June 2006 (IOS Press, Amsterdam, 2008).
[3] W. Ketterle and M. Zwierlein, Rivista del Nuovo Cimento
31, 247 (2008).
[4] Z. Hadzibabic and J. Dalibard, Rivista del Nuovo Ci-
mento 34, 389 (2011).
[5] M. J. Bijlsma, B. A. Heringa, and H. T. C. Stoof, Phys.
Rev. A 61, 053601 (2000).
[6] H. Heiselberg, C. J. Pethick, H. Smith, and L. Viverit,
Phys. Rev. Lett. 85, 2418 (2000).
[7] A. Schirotzek, C.-H. Wu, A. Sommer, and M. W. Zwier-
lein, Phys. Rev. Lett. 102, 230402 (2009).
[8] C.-H. Wu, I. Santiago, J. W. Park, P. Ahmadi, and M. W.
Zwierlein, Phys. Rev. A 84, 011601 (2011).
[9] E. Fratini and P. Pieri, Phys. Rev. A 81, 051605 (2010).
5[10] Z.-Q. Yu, S. Zhang, and H. Zhai, Phys. Rev. A 83, 041603
(2011).
[11] M. Lewenstein, L. Santos, M. A. Baranov, and
H. Fehrmann, Phys. Rev. Lett. 92, 050401 (2004).
[12] K. K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe’er,
B. Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne,
D. S. Jin, and J. Ye, Science 322, 231 (2008).
[13] Z. Hadzibabic, C. A. Stan, K. Dieckmann, S. Gupta,
M. W. Zwierlein, A. Go¨rlitz, and W. Ketterle, Phys. Rev.
Lett. 88, 160401 (2002).
[14] G. Roati, F. Riboli, G. Modugno, and M. Inguscio, Phys.
Rev. Lett. 89, 150403 (2002).
[15] J. Goldwin, S. Inouye, M. L. Olsen, B. Newman, B. D.
DePaola, and D. S. Jin, Phys. Rev. A 70, 021601 (2004).
[16] C. Ospelkaus, S. Ospelkaus, K. Sengstock, and K. Bongs,
Phys. Rev. Lett. 96, 020401 (2006).
[17] S. Aubin, M. H. T. Extavour, S. Myrskog, L. J. Leblanc,
J. Este`ve, S. Singh, P. Scrutton, D. McKay, R. McKenzie,
I. D. Leroux, et al., J. Low Temp. Phys. 140, 377 (2005).
[18] K. Gu¨nter, T. Sto¨ferle, H. Moritz, M. Ko¨hl, and
T. Esslinger, Phys. Rev. Lett. 96, 180402 (2006).
[19] T. Best, S. Will, U. Schneider, L. Hackermu¨ller, D. S.
Lu¨hmann, D. van Oosten, and I. Bloch, Phys. Rev. Lett.
102, 030408 (2009).
[20] C. Silber, S. Gu¨nther, C. Marzok, B. Deh, P. W.
Courteille, and C. Zimmermann, Phys. Rev. Lett. 95,
170408 (2005).
[21] M. Taglieber, A. C. Voigt, T. Aoki, T. W. Ha¨nsch, and
K. Dieckmann, Phys. Rev. Lett. 100, 010401 (2008).
[22] H. Hara, Y. Takasu, Y. Yamaoka, J. M. Doyle, and
Y. Takahashi, Phys. Rev. Lett. 106, 205304 (2011).
[23] A. H. Hansen, A. Khramov, W. H. Dowd, A. O. Jamison,
V. V. Ivanov, and S. Gupta, Phys. Rev. A 84, 011606
(2011).
[24] F. Ferlaino, C. D’Errico, G. Roati, M. Zaccanti, M. In-
guscio, G. Modugno, and A. Simoni, Phys. Rev. A 73,
040702 (2006).
[25] C. Ospelkaus, S. Ospelkaus, L. Humbert, P. Ernst,
K. Sengstock, and K. Bongs, Phys. Rev. Lett. 97, 120402
(2006).
[26] J. J. Zirbel, K. K. Ni, S. Ospelkaus, J. P. D’Incao, C. E.
Wieman, J. Ye, and D. S. Jin, Phys. Rev. Lett. 100,
143201 (2008).
[27] R. F. Wormsbecher, M. M. Hessel, and F. J. Lovas, J.
Chem. Phys. 74, 6983 (1981).
[28] A. Gerdes, O. Dulieu, H. Kno¨ckel, and E. Tiemann, Eur.
Phys. J. D pp. 1–7 (2011).
[29] P. S. Zuchowski and J. M. Hutson, Phys. Rev. A 81,
060703 (2010).
[30] S. Ospelkaus, K.-K. Ni, D. Wang, M. H. G. de Miranda,
B. Neyenhuis, G. Qumner, P. S. Julienne, J. L. Bohn,
D. S. Jin, and J. Ye, Science 327, 853 (2006).
[31] W. Ketterle, K. B. Davis, M. A. Joffe, A. Martin, and
D. E. Pritchard, Phys. Rev. Lett. 70, 2253 (1993).
[32] Z. Hadzibabic, S. Gupta, C. Stan, C. Schunck, M. Zwier-
lein, K. Dieckmann, and W. Ketterle, Phys. Rev. Lett.
91, 160401 (2003).
[33] C.-H. Wu et al., in preparation.
[34] A. Gerdes, M. Hobein, H. Kno¨ckel, and E. Tiemann, Eur.
Phys. J. D 49, 67 (2008).
[35] V. Venturi, M. Jamieson, and R. Coˆte´, J. Phys. B 34,
4339 (2001).
[36] B. Marcelis, E. v. Kempen, B. Verhaar, and S. Kokkel-
mans, Phys. Rev. A 70, 012701 (2004).
[37] K. Dieckmann, C. A. Stan, S. Gupta, Z. Hadzibabic,
C. Schunck, andW. Ketterle, Phys. Rev. Lett. 89, 203201
(2002).
[38] C. Ticknor, C. A. Regal, D. S. Jin, and J. L. Bohn, Phys.
Rev. A 69, 042712 (2004).
[39] A. Derevianko, J. F. Babb, and A. Dalgarno, Phys. Rev.
A 63, 052704 (2001).
[40] T. G. Tiecke, M. R. Goosen, J. T. M. Walraven, and S. J.
J. M. F. Kokkelmans, Phys. Rev. A 82, 042712 (2010).
[41] A. J. Moerdijk, B. J. Verhaar, and A. Axelsson, Phys.
Rev. A 51, 4852 (1995).
[42] C. A. Stan, M. W. Zwierlein, C. H. Schunck, S. M. F.
Raupach, and W. Ketterle, Phys. Rev. Lett. 93, 143001
(2004).
[43] E. Wille, F. Spiegelhalder, G. Kerner, D. Naik,
A. Trenkwalder, G. Hendl, F. Schreck, R. Grimm,
T. Tiecke, J. Walraven, et al., Phys. Rev. Lett. 100,
053201 (2008).
